In vitro transcripts of bacteriophage RNA polymerases (RNAPs), such as T7 RNAP, often suffer from a considerable degree of 3¢-end heterogeneity and, with certain promoter sequences, 5¢-end heterogeneity. For some applications, this transcript heterogeneity poses a signi®cant problem. A potential solution is to incorporate ribozymes into the transcripts at the 5¢-and/or 3¢-end of the target RNA sequence. This approach has been used quite widely but has required the generation of new transcription vectors or PCR-derived templates for each new RNA to be studied. To overcome this limitation, we have created two general plasmids for producing homogeneous RNA transcripts: one encodes a 3¢-hepatitis delta virus (HDV) ribozyme and the other, used in combination with a two-step PCR, allows the production of double [5¢-hammerhead (HH) and 3¢-HDV] ribozyme constructs. A choice of cloning and run-off transcription linearisation restriction enzyme sites ensures that virtually any RNA sequence can be cloned and transcribed from these plasmids. For all the RNA sequences tested, good yields of transcript were obtained. These plasmids provide the tools for the simple, rapid creation of new RNA-coding plasmids to produce milligram quantities of homogeneous in vitro transcripts for all applications.
INTRODUCTION
The development of in vitro transcription methods using phage RNA polymerases (RNAPs), in particular T7 RNAP, to produce in vitro RNA transcripts (1±4) opened up many new avenues to RNA researchers. However, the nucleic acid transcripts produced often bear highly heterogeneous 3¢-ends as both DNA and RNA polymerases have a tendency to fall off the template before they reach the end of the DNA, or to add non-coded`n + 1' nucleotide(s) to the 3¢-end of the nascent nucleic acid (1, 2, 5, 6) . Problems of heterogeneity at the 5¢-end can also occur in a highly template-dependent manner (7, 8) .
One of several methods may be used to generate transcription templates: PCR, chemical synthesis or cloning DNA coding the RNA into a suitable bacterial vector. To generate templates from bacterial plasmid DNA, the sequence of interest is cloned downstream of a phage promoter and a restriction site placed at its 3¢-end to enable the generation of a linearised template for run-off transcription. Transcript 3¢-end heterogeneity is generally reduced relative to synthetic templates and PCR-generated templates, but is not eliminated; non-coded`n + 1' nucleotides may still be incorporated. The actual amount appears to be sequence dependent but can be up to 50% (5,9 and unpublished observations). The additional potential problem of 5¢-end heterogeneity also remains. The unwanted RNA species in heterogeneous mixtures can be extremely dif®cult to remove completely, especially for longer RNA sequences, where they do not resolve well on polyacrylamide gels. The use of self-cleaving RNA sequences (`ribozymes') has been widely reported as a means of avoiding these unwanted side products and producing RNA samples with homogeneous 5¢-and 3¢-ends (10±12). The hammerhead (HH) and hepatitis delta virus (HDV) ribozymes are the most generally amenable for this use, and their sequence and structural requirements are understood (13±15). The HDV ribozyme self-cleaves 5¢ to its G + 1 nucleotide, making it ideal for placing at the 3¢-end of a target RNA. The incorporation of a HH ribozyme at the 5¢-or 3¢-end of a target RNA is not straightforward since part of the ribozyme structure (a base-paired arm¯anking the cleavage site) incorporates the target sequence requiring a unique complement in each case. This problem can only be overcome by the creation of a new HH sequence (and transcription vector) for each target RNA sequence.
We have created two general plasmids for in vitro transcription of de®ned RNA sequences. The ®rst vector is tailored to the production of transcripts with homogeneous 3¢-ends suitable for most uses. The second has been constructed for use in conjunction with a two-stage PCR method to allow the rapid production of double 5¢-HH/3¢-HDV ribozyme transcription vectors.
MATERIALS AND METHODS

Construction of 3¢-HDV constructs
HDV and initial target RNA (adenovirus VA RNA I from template pT7Ad2VA) coding DNAs were generated by PCR and ligated into pUC19 plasmid. In total, six other RNA coding sequences were cloned into this transcription vector between the EcoRI and NheI restriction sites (see Fig. 1A ). 
Construction of the 5¢-HH/3¢-HDV ribozyme vector (pRZ)
The functional cassette of the pRZ vector was generated by PCR designed to reposition (by one nucleotide) a native NgoMIV site and introduce the¯anking 5¢-multiple cloning sites (5¢-MCS) and 3¢-multiple linearisation sites (3¢-MLS) into the PCR product (see Fig. 1B ). The DNA produced (~150 bp) was inserted into pHST7 2BD-1 (17) via ApaI and EcoRI restriction enzyme sites. QuikChange mutagenesis (Stratagene) was used to introduce three point mutations into the 3¢-side of the HDV ribozyme P1 stem to restore basepairing ability and abolish a second native NgoMIV site, creating the plasmid`pHST7-RZ'. The functional cassette was then removed from pHST7-RZ, inserted into pUC18 via SphI and EcoRI sites, and the sequence of the resulting plasmid, pRZ' (Fig. 1B) , con®rmed by automated DNA sequencing.
Production of pRZ-NME1 and pRZ-hMRP vectors
The target RNA coding inserts were generated via a two-stage PCR and each inserted into pRZ between the ApaI and NgoMIV restriction sites to create the`pRZ-NME1' and 1C ) were designed to be complementary to the target sequence (20±30 bp) with an additional¯anking region (20±30 bp), encoding part of a HH ribozyme sequence (pHH), intended as a template tag for a second round of PCR. The forward primers for the second round of PCR (50±60 bp) were designed to introduce the entire HH ribozyme sequence and complementary region (designed speci®cally for each target RNA) along with a suitable restriction site for cloning into the MCS of the pRZ vector (Fig. 1C) . The reverse primer was complementary to the desired sequence (20±30 bp) with a¯anking NgoMIV restriction site for cloning into the pRZ vector, and was used in both the ®rst and second round PCRs.
RNA transcription reactions
Plasmid templates were digested with the appropriate restriction enzyme to generate linear DNA templates for run-off transcription. After complete digestion, the restriction enzymes were heat deactivated according to the manufacturer's recommendation, phenol±chloroform extracted, ethanol precipitated and resuspended in TE buffer at a concentration of 0.5 or 1.0 mg/ml. The 3¢-HDV RNA in vitro transcripts were synthesised using 20±50 mg of T7 RNAP (prepared`in-house') in 50±100 ml reactions using optimal solution conditions previously determined for VA RNA I (18) or general RNA transcription (19) at 37°C for 3 h. Transcription and puri®ca-tion of RNAs from large-scale in vitro transcription reactions (>1 ml) were performed as described previously (20) .
Transcription from the double ribozyme 5¢-HH/3¢-HDV templates (pRZ-NME1 and pRZ-hMRP linearised with XhoI) was performed in 50 ml reactions containing 80 mM HEPES buffer pH 7.5, 40 mM dithiothreitol (DTT), 1 mM spermine, 0.05 mg/ml DNA template, 5 mM rNTPs, 20±45 mM MgCl 2 , 0.05 U of yeast inorganic pyrophosphatase (YIP) and 20±50 mg of T7 RNAP. Following transcription, aliquots of each reaction were removed and adjusted to 40 mM MgCl 2 and subjected to three rounds of thermal cycling (1 min at 72°C, 5 min at 65°C and 10 min at 37°C per round). Transcription reactions were scaled up using the same conditions; however, to avoid precipitation of the RNA at the gel surface, it was necessary to dialyse the transcriptions prior to loading onto preparative denaturing gels.
The products of each transcription reaction were resolved on 5 or 8% denaturing polyacrylamide gels. The incorporation of trace [a-32 P]UTP (1 mCi/50 ml) in the transcription mixture allowed the visualisation and quanti®cation of bands on a phosphorimager.
RESULTS
Construction of 3¢-HDV plasmids and preparation of in vitro transcripts
The 3¢-HDV vector was created by inserting target (VA RNA I ) and HDV coding DNA sequences into pUC19 downstream of a T7 RNAP promoter sequence with various restriction enzyme sites for cloning and linearisation of the template. The genomic HDV ribozyme sequence was used but with a shortened P4 stem and the ®rst helical region (P1 stem) altered to create a unique NheI site in the plasmid for cloning new sequences. The transcription plasmid initially contained 3¢-DraI and XbaI sites for generating linear template. The latter, however, was found to give a very poor yield of transcript for several different RNAs (data not shown) and, as a result, the DraI site was the only viable site for generating linear transcription templates. To ensure that the vector would be compatible with any RNA sequence, additional run-off transcription sites, XhoI and EcoRV, were introduced to create the ®nal 3¢-HDV plasmid (Fig. 1A) . Curiously, when further separated from the HDV sequence and/or DraI site, linearisation at the XbaI site produced templates that gave good yields of RNA; the ®nal 3¢-HDV vectors thus have four useful sites for generating transcription templates.
Transcription reactions were performed for a 58 nt RNA fragment and adenovirus VA RNA I using each possible restriction site to generate linear template (the 58 nt RNA sequence encodes a DraI site, so this was not used). For each RNA, a single band corresponding to the target RNA was observed regardless of restriction site used ( Fig. 2A) . In denaturing gels, VA RNA I , which is thought to contain a denaturation-resistant structure, migrates with an apparent size of 220 nt (21) . The HDV ribozyme RNA was observed as two or more bands, presumably corresponding to differing degrees of 3¢-heterogeneity for each run-off site. As expected, the gel mobility of the HDV ribozyme RNA increases regularly with the increasing transcript length from each sequential 3¢-run-off site (from DraI through to XbaI). To date, ®ve other RNA sequences have been ligated into the 3¢-HDV vector using one of three different methods, depending primarily on the length of the target transcript (see Materials and Methods). Each produced target transcripts as single bands of the expected size (not shown). The self-cleavage ef®ciency of the HDV ribozyme used here is extremely high under the two different sets of transcription conditions, and does not require any buffer exchange, temperature cycling or extended incubations.
Design of the 5¢-HH/3¢-HDV ribozyme vector pRZ
The pRZ vector was based upon the genomic HDV sequence but with the native NgoMIV site found in the 5¢-side of the P1 stem repositioned from the G2 to the G1 position, resulting in an additional NcoI site that may also be used for cloning purposes (Fig. 1F) . Base pairing of the NgoMIV sequence with the 3¢-side of the P1 stem was fully restored by mutagenesis. Restriction enzyme sites were introduced to both the 5¢-and 3¢-sides of the HDV ribozyme to create the MCS and MLS, respectively (Fig. 1B) . Sites within the MCS were chosen for their large overhangs, to aid in cloning, with the exception of SmaI, which produces blunt ends and is intended to overcome any compatibility problems with target sequences during cloning. The choice of MLS sites was based on the type of fragment ends produced (5¢-overhangs or blunt ends) and enzyme cost as for the 3¢-HDV vector. 
Cloning of a new gene into the pRZ vector
A general two-stage PCR strategy was used to rapidly create the target pRZ-NME1 and pRZ-hMRP transcription vectors. Initial PCRs (PCR1) were shown to be highly successful using both genomic and plasmid-based templates. The second round PCRs used gel-puri®ed PCR1 DNA as template and resulted in a single band in each case that was subsequently cloned into the pRZ vector. The HH ribozymes used in pRZ-NME1 and pRZ-hMRP are based upon the consensus HH ribozyme sequence (15) (shown in Fig. 1E with the hMRP target sequence and complementary region). The NME1 HH ribozyme and the hMRP HH ribozyme differ both in their overall sequence and in the speci®c target sequence and length of their H1 stems (18 and 10 bp, respectively). The two-stage PCR method enables the design of almost any HH ribozyme sequence, allowing each to be tailored to the individual target RNA. A thorough consideration of the target sequence at the design stage allows useful modi®cations to the HH sequence. Incorporation of a suitable restriction enzyme site into the H3 hairpin of the HH ribozyme (nucleotides in outline font in Fig. 1E ) allows the ligation of a synthetic double-stranded DNA insert with the appropriate restriction site overhangs between this restriction site and the chosen MCS restriction site. This has two potential advantages: ®rst, existing vectors can be easily modi®ed allowing the HH ribozyme sequence and length of the helices to be altered if necessary, and, secondly, in the event of dif®culties with the second round of PCR, this allows a sequential or three end ligation along with the ®rst round PCR product. Our second round PCRs were entirely successful, making this method unnecessary. However, as PCR is often highly sequence dependent, the availability of a second cloning strategy ensures that the required transcription vector can be produced should any dif®culties arise.
Transcription reactions using pRZ templates
The transcription of RNA can be highly sequence dependent, requiring the optimisation of each new construct before largescale transcription. Each template was individually optimised for overall transcription and ribozyme cleavage by performing small-scale transcriptions, varying the rNTP and magnesium ion ratios. In both cases, high concentrations of magnesium stimulated ribozyme cleavage but reduced the ef®ciency of transcription, resulting in poor overall yields of RNA (not 
shown). Transcription at lower magnesium concentrations (20 mM MgCl 2 with 5 mM rNTPs) resulted in good overall yields of RNA despite some non-cleaved products (Fig. 2B,  lanes 1 and 3) . The yield of target RNAs could be further increased by enhancing correct folding and ribozyme cleavage through denaturing/renaturing thermal cycles in the presence of an elevated magnesium concentration (adjusted to 40 mM; Fig. 2B, lanes 2 and 4) . After employing thermal cycling, we have gel puri®ed~1.5 mg/ml transcription of NME1 RNA and 750 mg/ml transcription of hMRP RNA (each from transcriptions containing 50 mg of DNA template per ml). Yields of the NME1 RNA were higher due to both more ef®cient transcription and more effective HH ribozyme cleavage (Fig. 2B) . Analysis with Imagequant software (Molecular Dynamics) shows that the NME1 HH ribozyme (18 bp H1 stem) cleaves to >80%, whereas the hMRP HH ribozyme (10 bp H1 stem) was shown to cleave to >70% following thermal cycling. We attribute the difference in HH ribozyme cleavage ef®ciency to folding problems with the hMRP HH ribozyme due to the shorter H1 stem. Both target RNAs have secondary structures that contain a base-paired stem involving their 5¢-and 3¢-ends which may compete with correct HH ribozyme H1 stem formation. We highlight this as a design consideration, as different target RNAs will require the H1 stem of the HH ribozyme to be tailored not only to the target RNA sequence but also with some consideration of their structure at the 5¢-end.
DISCUSSION
Several methods have been reported that reduce or remove the problem of transcript heterogeneity, particularly at the 3¢-end, where heterogeneity is more common. The chemical synthesis of templates containing one or preferably two modi®ed residues (2¢-OCH 3 ) at their 3¢-end can reduce the amount of n + 1' run over transcripts (22) , and the method has been extended to RNAs of moderate length (e.g. tRNAs) by using overlapping DNA oligonucleotides as a template for Klenow fragment extension (23) . Similarly, PCR extension has been used to generate DNA templates bearing the HDV ribozyme at the 3¢-end of a given sequence with a T7 promoter placed upstream of the target (9) . Extension methods can generate transcription templates rapidly, but suffer some signi®cant drawbacks: they are generally limited to the synthesis of small RNAs, the PCR must be repeated each time the template is required or in many reactions to generate large quantities, and errors incorporated during the PCR are reproduced in the RNA transcript. Such errors cannot be easily detected. Templatedirected RNase H cleavage (24) has been used as a more direct method to remove the 5¢-leader sequence of an RNA transcript and could equally be employed at the 3¢-end. However, this method represents a considerable additional step and relies upon the use of chemically modi®ed oligonucleotides to direct the RNase H cleavage.
The incorporation of speci®c ribozyme sequences at the 5¢-and/or 3¢-end of transcripts is a preferred method to quickly and easily improve RNA sample homogeneity for a speci®ed RNA sequence (10, 11) . Plasmid-based templates can be easily produced in large quantity from a single bacterial culture and, unlike PCR-based methods, do not suffer the likelihood of sequence errors. However, the creation of such plasmid templates for each new RNA sequence has often been a time-consuming process. We have designed two vectors that signi®cantly simplify the production of templates for producing run-off transcripts with homogeneous 3¢-or 5¢-and 3¢-ends. These plasmids bear HDV ribozymes with engineered cloning sites that allow the HDV ribozyme to remain in the vector so that it can be omitted from the cloning procedure, dramatically simplifying the production of 3¢-HDV transcription templates. A similar vector has been further tailored for use in conjunction with a two-stage PCR method to quickly and easily produce transcription templates bearing 5¢-HH and 3¢-HDV ribozymes.
The 3¢-HDV plasmid encodes a modi®ed HDV ribozyme at the 3¢-end of the target RNA and is designed such that the selfcleavage reaction yields the target RNA transcript with authentic sequence. New RNA coding DNA inserts can be easily cloned into this plasmid between unique restriction enzyme sites. Two unique sites for cloning are available at the junction of the target RNA and HDV ribozyme sequences (NheI and NcoI) to avoid incompatibility with targets that contain either site. We have used this general plasmid system to produce transcription vectors for seven RNAs of varying length (20±203 nt) and sequence. With all but one target sequence tested, the HDV ribozyme cleavage was extremely ef®cient (even in the case where it was poorer, a good yield of target transcript was obtained). The plasmid also contains several unique restriction sites for run-off transcription, the choice of which was guided by two factors: ®rst, that the resulting template should either be blunt ended or have a 5¢-overhang to avoid complementary strand transcripts (25) and, secondly, the cost of the restriction enzyme itself. The MLSs confer two signi®cant bene®ts: incompatibility with sites occurring naturally in the target RNA is avoided and gel migration of the HDV ribozyme can be varied to overcome the potential problem of resolving ribozyme and target RNA bands where they are of similar size. In principle, therefore, there is no limit to the RNA sequences that can be transcribed from this plasmid.
There is generally less potential for transcript heterogeneity at the 5¢-end compared with the 3¢-end, but with certain sequences or for some applications the problem is signi®cant. Again heterogeneity can be overcome using a self-cleaving ribozyme, and incorporation of a 5¢-ribozyme has two further bene®ts of particular use in some circumstances. First, where target sequence authenticity is important, the 5¢-HH ribozyme removes the necessity for speci®c nucleotides (preferably one or more G) at the 5¢-end. Leader sequences can be used that give good yields of transcript, which are subsequently removed by ribozyme self-cleavage. Secondly, it eliminates the need to remove the 5¢-triphosphate group from an RNA transcript before use in end labelling procedures as a 5¢-OH RNA is produced. For NME1 RNA, we were unable to remove the 5¢-triphosphate using an alkaline phosphatase treatment, but we subsequently achieved >99% labelling ef®ciency using RNA derived from the pRZ-NME1 construct (unpublished observations).
The pRZ vector retains the key features of the 3¢-HDV vector, including MLSs and an HDV ribozyme with engineered restriction sites (NgoMIV and NcoI) to simplify target sequence cloning. This construct also contains a T7 promoter and downstream MCSs designed to aid in the production of PAGE 5 OF 6 Nucleic Acids Research, 2003, Vol. 31, No. 15 e82 5¢-HH/3¢-HDV transcription templates. The production of 5¢-HH ribozyme transcription constructs is often complicated as the H1 stem of the HH ribozyme incorporates the 5¢-end of the target sequence requiring a region of complementarity that must be placed upstream of the HH ribozyme itself. We have shown that a rapid and simple two-stage PCR method can be used to generate an insert bearing the required target with its own tailored HH ribozyme. The method allows¯exibility in the choice of HH ribozyme sequence used, allowing the design of a different HH sequence appropriate to each target RNA. The reported vector pRZ has been designed to easily accommodate these inserts, resulting in a mature transcription vector bearing the required insert and both the transcription promoter (T7) and an accurately positioned 3¢-HDV ribozyme.
We have used two examples of relatively large structural RNAs, of interest to us, to emphasize some of the considerations in the design and production of these 5¢-HH/3¢-HDV transcription vectors and highlight the optimisation of RNA transcription required from such templates. These constructs allow the production of milligram quantities of RNA transcripts with homogeneous 5¢-and 3¢-ends, suitable for the most demanding of applications.
